Background Resection of diaphyseal bone tumors for local tumor control and stabilization often results in an intercalary skeletal defect and presents a reconstructive challenge for orthopaedic surgeons. Although many options for reconstruction have been described, relatively few studies report on the functional outcomes and complications of patients treated with modular intercalary endoprostheses. Questions/purposes The objectives of this study were to examine clinical outcomes after reconstruction with a modular intercalary endoprosthesis with a specific focus on (1) the rate of complication or failure; (2) differences in complication rates by anatomic site; (3) functional results as assessed by the Musculoskeletal Tumor Society System (MSTS); and (4) differences in complication rate between patients treated with cemented versus noncemented fixation. Methods We conducted a retrospective chart review of patients treated with a modular intercalary endoprosthesis from three musculoskeletal oncology centers from 2008 to 2013. The indication for use of this intercalary endoprosthesis was segmental bone loss from aggressive or malignant tumor with sparing of the joint above and below and deemed unsuitable for biologic reconstruction. No other implant was used for this indication during this period. During this period, 41 patients received a total of 44 intercalary implants, which included 18 (40%) humeri, 5 (11%) tibiae, and 21 (48%) femora. There were 27 (66%) men and 14 (34%) women with a mean age of 63 years (range, 18-91 years). Eight patients (20%) had primary bone tumors and 33 (80%) had metastatic lesions. Thirtyfive (85%) patients were being operated on as an initial treatment and six (15%) for revision of a previous reconstruction. Twenty-nine (66%) procedures had cemented stem fixation and 15 (34%) were treated with noncemented fixation. The overall mean followup was 14 months (range,
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Results At latest followup of these 41 patients, 14 (34%) patients were dead of disease, two patients (5%) dead of other causes, seven (17%) are continuously disease-free, one (2%) shows no evidence of disease, and 17 (41%) are alive with disease. There were 12 (27%) nononcologic complications. Five (11%) of these were Type II failures occurring in noncemented implants between the stem and bone, and six (14%) were Type III failures occurring in cemented implants at the clamp-rod implant interface. One patient developed a deep infection (2%, Type IV failure) and underwent removal of the implant. Additionally, one patient (2%, Type V failure) was treated by amputation after local progression of his metastatic disease. Complications were more common in femoral reconstructions than in tibial or humeral reconstructions. Twelve of 21 patients (57%) with femoral reconstructions had complications versus 0% of tibial or humeral reconstructions (0 of 23; odds ratio [OR], 62; 95% confidence interval [CI], 3-1154; p \ 0.0001). The mean overall MSTS score was 77%. Implants with cemented fixation (29) had higher mean MSTS scores when compared with implants with noncemented (15) fixation (84% versus 66%, p = 0.0017). The complication rate was 33% in noncemented cases and 21% in cemented cases (p = 0.39); however, Type II failure at the bone-stem interface was associated with noncemented fixation and Type III failure at the clamp-rod interface was associated with cemented fixation (OR, 143; 95% CI, 2.413-8476; p = 0.0022).
Conclusions The results of this study indicate that this modular intercalary endoprosthesis yields equivalent results to other studies of intercalary endoprostheses in terms of MSTS scores. We found that patients treated with intercalary endoprostheses in the femur experienced more frequent complications than those treated for lesions in either the humerus or tibia and that the femoral complication rate of this endoprosthesis is higher when compared with other studies of intercalary endoprostheses for femoral reconstruction. Further studies are still needed to determine the long-term outcomes of this endoprosthesis in patients with primary tumors where longevity of the implant is of more importance than in the metastatic setting. We recommend cemented fixation for this intercalary modular endoprostheses because this provides improved MSTS scores and allows immediate return to weightbearing, which is of advantage to metastatic patients with limited lifespans. Level of Evidence Level III, therapeutic study.
Introduction
Treatment of diaphyseal bone tumors may involve resection for local tumor control and for skeletal stabilization [35] . With advances in imaging and treatment, joint-sparing procedures have allowed more frequent use of intercalary resection [3, 28, 30, 34] . Segmental resection of the diaphysis of a long bone allows preservation of joint function and in skeletally immature patients allows for preservation of the physes. Many surgical options for the resection, reconstruction, and stabilization of segmental intercalary defects have been described and include the biologic options of autografts [7, 8, 29] , allografts [5, 6, 11, 12, 15, 22, 23, 25, 26] , and distraction osteogenesis [13, 36] or use of metal constructs including segmental intercalary endoprostheses [9, 10, 31] and, although less practical, custom implants [1, 2, 4, 18, 24, 33] . There have been few reports that analyze functional outcomes after treatment with modular segmental intercalary endoprostheses.
The aim of this study is to report the outcomes and complications in patients treated with an intramedullary diaphyseal segmental defect fixation system (IDSF) from three musculoskeletal oncology centers (Rutgers New Jersey Medical School, Newark, NJ, USA; University Clinic of Bonn, Bonn, Germany; University Medical Center Schleswig-Holstein, Campus Lübeck, Lübeck, Germany). In this study, we asked the following questions: (1) What proportion of patients experience a complication or a failure of intercalary endoprostheses used to reconstruct a diaphyseal resection? (2) Do the complications vary with anatomic site? (3) What are the functional results of intercalary endoprostheses as assessed by the Musculoskeletal Tumor Society System? (4) Are there differences in outcome scores or the risk of complications between patients treated with cemented versus noncemented fixation?
Patients and Methods
We retrospectively studied the records at three musculoskeletal oncology centers from 2008 to 2013. Inclusion criteria were patients with segmental bone loss from an aggressive or malignant tumor with sparing of the joint above and below and deemed unsuitable for biologic reconstruction who were surgically treated with a modular intercalary endoprosthesis (OsteoBridge TM IDSF; Merete, Berlin, Germany) in the diaphysis of the humerus, tibia, or femur. These included patients with skeletal defects C 4 cm in the humerus and C 5 cm in the tibia and femur. During this period this was the only implant used for this indication. We identified 41 patients (44 implants) with diaphyseal and metadiaphyseal defects after resection. We recorded the age and gender of the patients; the indication for surgery; the size, location, and histopathology of the tumor as well as the date of surgery, followup, and complications. The resection length as well as the diameter and length of both proximal and distal stems was recorded in addition to the method of fixation.
Endoprosthetic reconstruction was performed 44 times in 41 patients, which included 18 (40%) humeri, five (11%) tibiae, and 21 (48%) femora. There were 27 (66%) men and 14 (34%) women. Histologic diagnosis as well as patient age, surgical details, followup, complications, and MSTS subscores and total scores for each patient is reported (Table 1) . Eight patients (20%) with a mean age of 49 years (range, 18-74 years) had primary tumors and 33 (80%) patients with a mean age of 68 years (range, 46-91 years) had metastatic lesions. At latest followup of these 41 patients, 14 (34%) patients were dead of disease (DOD), two patients (5%) dead of other causes, seven (17%) are continuously disease-free, one (2%) shows no evidences of disease, and 17 (41%) are alive with disease. In 38 patients (86%), surgery was indicated as an initial treatment of a tumor. Six patients (14%) were operated on for revision of a previous failed limb preservation surgery. Of these, one patient underwent resection of their metastatic breast cancer and implantation of the IDSF endoprosthesis (Patient 15) and five patients had failed previous reconstructions (two allograft fractures: Patients 30 and 40a, two failed intramedullary nails: Patients 29 and 37, and one failed endoprosthesis [MUTARS 1 ; Implantcast, Buxtehude, Germany]: Patient 20) . Additionally, one patient with metastatic renal cell carcinoma in the humerus developed a second metastatic site in the femur (Patient 22b) and two patients had a second complication after revision of the original endoprosthesis as a result of spacer clamp failure (Patients 26b and 40b). The mean defect size was 9 cm (humerus = 6 cm, tibia = 11 cm, femur = 9 cm). The mean proximal stem length was 11 cm (range, 1-20 cm) with a mean diameter of 12 mm (range, 7-16 mm). The mean distal stem length was 9 cm (range, 1-20 cm) with a mean diameter of 12 mm (range, 7-16 mm). The prosthesis was fixed with polymethylmethacrylate (PMMA) in 29 (66%) cases and 15 (34%) prostheses were noncemented. The average time from surgery to the development of a complication was 14 months (range, 1-50 months) with an average time to complication in cases of primary tumors of 24 months (range, 11-50 months) and 6 months (range, 1-9 months) in cases of metastatic disease. Two patients died of an acute myocardial infarction in the early postoperative period and were excluded from the functional evaluation.
The implant is FDA-approved for use in the femur, tibia, and humerus ( Fig. 1A-C ). The design consists of a central spacer clamped onto a proximal and distal intramedullary nail (Fig. 2) with a grit-blasted coating that is designed to accept appositional bone. The spacers are clamped around the proximal and distal intramedullary nails, which are inserted into native bone with or without PMMA and secured together using screws and a torque-limiting screwdriver. In noncemented implants, proximal and distal transfixion screws were used for fixation of the intramedullary nails. One surgeon used noncemented fixation, whereas all other surgeons used cemented fixation. Tumors were treated using standard oncologic principles. Primary tumors were treated with wide margins, which resulted in large defects, and the intraoperative pathology consult confirmed negative margins. Canals were reamed with flexible power reamers proximally and distally and cemented or noncemented fixation was used as described previously. Endoprosthetic body segments were placed and proper rotation was determined by preresection marks placed in the proximal and distal aspects of the affected bone. Once the endoprosthesis was in place, soft tissue coverage was performed using additional flap coverage if deemed necessary by the surgeon. Intraoperatively the integrity of the prosthesis was imaged by fluoroscopic imaging. All perioperative events were recorded regarding complications and functional evaluations were performed using the MSTS-International Society of Limb Salvage criteria [14] when rehabilitation was complete or at latest followup if rehabilitation was unable to be completed. Patients were followed clinically and with radiographic imaging at 1-month intervals for 3 months followed by 3month intervals for the remainder of the first 1 year after time of surgery with subsequent followup every 6 months. Each surgeon classified complications according to the five modes of failure for prosthetics proposed by Henderson et al. [19, 27] and all classifications were reviewed by two surgeons (RK, MJF) and the senior author (JB). Henderson failure Types 1 to 4 were subsequently grouped as nononcologic failures for further analysis.
All patient analysis was conducted with regard to survivorship, complications, site of complication, functional outcomes, and fixation method. Statistical outcomes were measured using the chi-square test and t-test for two proportions with a level of significance set at p \ 0.05. All statistical analyses were performed using GraphPad Prism Table 1 . 
Results
Overall, there were 12 implant-related complications (27%) with 11 of these being either Type II or Type III failures ( cases of Type III failure, three patients had failure of the reducing bushing within the prosthesis (Patients 5, 26a, and 40a) and were revised with a new spacer clamp (Fig. 2) . One patient (Patient 40b) experienced a second failure of the spacer clamp and was converted to an autograft-nail construct. Two other failures in this group occurred after a traumatic fall causing loosening of the clamp spacer and malrotation in one (Patient 6), which was corrected through revision surgery, and breakage of a connecting spacer in the other (Patient 16) requiring conversion to a total femoral replacement. One patient who previously experienced a Type III failure and was revised with a new clamp subsequently experienced a Type IV failure (infection), which required removal of the implant and conversion to a total femur replacement (Patient 26b). There was one case of local recurrence in a patient with metastatic renal cell carcinoma who required an above-knee amputation as a result of disease progression (Patient 37). We classified this patient as having a Type V (local recurrence) failure. All 12 nononcologic complications occurred in patients with femoral implants. When compared with other anatomic sites, complications were more common in femoral sites (12 of 21 procedures [57%]) than in either tibial or humeral sites (0 of 23 procedures; odds ratio [OR], 62; 95% confidence interval [CI], 3-1154; p \ 0.0001). Complication rate was not associated with resection size or intramedullary stem dimensions.
Overall, patients in this series had a mean MSTS score of 77% (humerus = 83%, tibia = 77%, femur = 75%) and additional detail for MSTS scoring can be seen in Table 1 . Patients with cemented implants had higher MSTS scores than those with noncemented fixation (84% versus 66%, p = 0.0017). To assess the potential role of increased followup and implant age on functional scores, MSTS scores and subscores were grouped by anatomic site and then by duration of followup into 2 groups: (1) cases with less than 1 year followup and (2) cases with 1 year of followup or more. Duration of followup was not associated with MSTS scores for any anatomic sites. Resection size and intramedullary dimensions were not associated with either overall MSTS scores or subscores as assessed by the MSTS system.
The complication rate was 33% in noncemented cases and 21% in cemented cases (p = 0.39). In cases of noncemented fixation, all five nononcologic failures were Type II failures and occurred at the bone-stem interface. In cases of cemented fixation, all six nononcologic failures were Type III failures and occurred at the clamp-rod implant interface. Noncemented fixation of femoral reconstructions was associated with Type II failure and cemented fixation in the femur was associated with Type III failure (OR, 143; 95% CI, 2.413-8476; p = 0.0022).
Discussion
Reconstruction of segmental skeletal defects in long bones after oncologic resection presents a challenge for orthopaedic surgeons. There are several methods of reconstruction for these defects, which include autografts, allografts, and endoprostheses. The goals of surgery are to relieve pain, achieve tumor control, and preserve function. Ideally, the reconstruction would provide immediate stability, preservation and early motion of adjacent joints and survival for the lifespan of the patient [10, 13, 35] . This study presents the functional outcomes of 44 reconstructive operations in 41 patients using a modular intercalary endoprosthesis. These results are comparable to similar studies involving intercalary endoprostheses and the inclusion of 41 patients (44 implants) from three musculoskeletal oncology centers makes this one of the largest studies to date using this type of reconstruction [1, 2, 9, 10, 18, 24, 31, 33] (Table 3) .
This study has several limitations which bear discussion. First, this is a retrospective study and as such is subject to recall and selection bias. Notably, this may have contributed to our inability to find a difference in complication rate based on the use of cemented PMMA versus press-fit stems for fixation. Second, this study lacks a true control group because all cases included in this study fall under a single clinical indication and only one treatment was used for this indication; thus, we cannot directly compare our results with other types of implants, biologic reconstructions, or other more conservative treatments for other indications such as radiation alone or radiation combined with internal fixation. Third, the types of tumors included in this study as well as our patient population includes both cases of primary bony tumors and metastatic lesions in patients with notably different life expectancies as a result of variation in age and tumor stage at the time of treatment. Fourth, three (7%) of our patients were lost to followup and we cannot account for the lifespan of these implants in our final analysis.
We found a 27% overall nononcologic complication rate (12 of 44 procedures experienced complications) in our patients treated with this intramedullary endoprosthesis, which is similar when compared with the other options currently available. Published reports in the literature have complication rates ranging from 14% to 50% with mechanical failure of the prosthesis and aseptic loosening of the proximal or distal stem as the most common complications [1, 9] . Intercalary allografts allow attachment of soft tissues and come in various sizes, but patients are subject to a longer period of postoperative immobilization to protect the reconstruction until graft union [20] . They are also associated with complications, including nonunion (18%-64%) [12, 15, 22, 23] , fracture of the allograft (15%-51%) [5, 12, 23, 25] , and a risk of infection of up to 30% [12, 15, 26] . In these studies of intercalary allografts, most patients were treated for primary bone sarcomas and are not directly comparable to the majority of patients in this study. Vascularized autografts are another option and may heal and hypertrophy under mechanical loads, but it may take several years before the graft will allow full weightbearing [17] . Additionally, these grafts may have size limitations and are associated with donor site morbidity [7, 29] . Extracorporeally irradiated autografts can be used as an alternative to allografts to reconstruct a defect but require a longer time to incorporate and are therefore subject to nonunion, fracture, and infection [8] . In addition, the potential loss of structural integrity of the resected bone segment limits the use of this technique. Distraction osteogenesis and bone transport may provide adequate biomechanical strength but may be time-consuming (1 mm/day) and has the drawbacks of external fixation with pin tract problems, which may pose an increased infection risk, especially in patients receiving adjuvant radiotherapy and chemotherapy [13, 36] . Reconstruction with an endoprosthesis avoids the prolonged period of immobilization associated with auto-and allograft reconstructions and allows early weightbearing. Early endoprostheses were limited by the lack of modularity. Lap joint endoprostheses are capable of using various stem-body lengths to create the prosthesis, but the segments are a one-piece design and sizes are more limited [9, 10] . Custom-made prostheses require several weeks to fabricate. In contrast, the IDSF system provides a modular design allowing the surgeon to intraoperatively adjust the implant to the proper size with various stem and spacer dimensions to fill the defect and correct any limb length discrepancy [31] . A recent biomechanical study has demonstrated systematically equivalent or greater load resistance of modular segmental endoprostheses in all types of loading (axial compression, four-point bending, internal and external torsion) when compared with other fixation techniques [32] . Complications in our study were limited to patients with femoral implants. Although the overall incidence of complications in this study is 27%, which is similar to other studies [1, 2, 4, 9, 10, 18, 24, 31, 33] (Table 3) , 57% of femoral reconstructions developed complications in this series. We observed that the average functional results of all patients as measured by MSTS scores was 77% and this is comparable to that seen in other studies of intercalary endoprosthesis [9, 18, 24, 31, 33] . This approach seemed to provide adequate pain relief and maintenance of function, most notably with respect to the reduced postoperative time until full weightbearing could be permitted, in a group of patients who have a relatively short expected lifespan.
The use of PMMA for fixation of this intercalary endoprosthesis may be advantageous because our results and other studies have demonstrated increased postoperative function as measured by MSTS scores in patients with cemented implants [16, 21] . Failure of this implant remains a concern in cases of femoral reconstruction and this study demonstrates that cemented reconstructions are associated with failure at the clamp-rod interface (Type III), whereas noncemented fixation is associated with aseptic loosening and stem failure (Type II). Cemented fixation may also be beneficial because revision of stem (Type II) failure is surgically more challenging than revision at the clamp-rod interface.
The surgeon and patient need to consider the various options of treatment and especially whether to goal is palliation versus an attempt to increase disease control in patients with metastatic carcinoma. This prosthesis has value in patients with a solitary bony metastasis in a long bone with shortened expected longevity. Various autografts, allografts, and prostheses have all been proposed, each with its own advantages and disadvantages. The results of this study and those of similar studies indicate that the IDSF endoprosthesis can be used with results that seem similar to those of reported with other reconstructions. Because there has been an emphasis on early weightbearing and return to normal activity in patients with limited life expectancy, immediate stability provided by an intercalary endoprosthesis makes this a reasonable alternative to consider. In conclusion, the authors recommend caution in its use at the femoral site as a result of its high rate of complication. For cases of solitary tumors in the humerus and tibia, which cannot be otherwise reconstructed using biologic options, we recommend the use of the IDSF system with PMMA for fixation.
